We present a fully quantum-mechanical model of the electronic dynamics of primary photoexcitations in a polymeric semiconductor heterojunction, which includes both polymer stacking and phonon relaxation. By examining the phonon-induced fluctuations in the state-to-state energy gaps and the exact golden-rule rate constants, we conclude that resonant tunnelling between the primary exciton to delocalized interchain charge-transfer states may be the initial step in the formation of charge-carriers in polymer-based bulk-heterojunction photovoltaic diodes.
INTRODUCTION
Photovoltaic diodes based on blends of semiconductor polymers and fullerene derivatives now produce power conversion efficiencies exceeding 10% under standard solar illumination [1] , demonstrating that photocarriers can be generated efficiently in well optimized organic heterostructures. Recent advances in ultrafast spectroscopic techniques have advanced our understanding of quantum dynamics to the point where quantum coherences between the relevant states can be observed and interpreted as playing a crucial role in the efficiency of photosynthesis in biological systems [2] [3] [4] [5] [6] and semiconductor polymers [7] [8] [9] . Numerous ultrafast spectroscopic measurements have reported that charged photoexcitations in these systems can be generated on ≤ 100-fs timescales [10] [11] [12] [13] , but full charge separation to produce photocarriers is expected to be energetically expensive given strong Coulombic barriers due to the low dielectric constant in molecular semiconductors. Nonetheless, Gélinas et al. have put forth that electrons and holes separate by 4 nm over the first 100 fs [14] , and evolve further on picosecond timescales to produce unbound charge pairs. Such spectacularly rapid charge separation points strongly to quantum coherence dynamics which are correlated to the dynamical motion of the molecular framework [15] . The significant element in the context of ultrafast charge separation in the system considered here is the involvement of delocalized charge-transfer states in the early quantum dynamics of the exciton. A detailed mechanistic understanding of primary charge generation dynamics is of key fundamental importance in the development of organic solar cells.
By quantum coherence we specifically mean the temporal phase coherence of a single quantum mechanical system between possible asymptotic states that arises due to the quantum mechanical time-evolution of the system's wave function. Coherence loss (decoherence) occurs when a single quantum system is in contact with thermal or noisy environment or when an external measurement is performed on the system such in stimulated emission [16] . We here present a simple model followed by rigorous quantum dynamical calculations that underscore the role that quantum coherence and energy fluctuations may play in the production of charge-separated states in polymeric type-II heterojunction devices. Similar noiseinduced coherent processes may also enhance the quantum efficiency in light-harvesting complexes [17, 18] and be exploited to reduce radiative recombination in photovoltaics cells [19] . We show that resonant tunnelling processes brought about by environmental fluctuations produce delocalized charge-transfer states on < 100-fs timescales, which may readily produce photocarriers.
NOISE INDUCED COHERENCE
A simple model for this can be developed as follows. Consider two electronic levels separated by an energy gap ∆ coupled to a noisy phonon environment that modulates their instantaneous coupling dV (t). The dynamics of the coupled system are described by 
where S(ω) is the spectral density of the environment. Fig. 1 shows the energy eigenvalues of Eq. 1 for multiple samplings of the off-diagonal coupling dV (t) with fixed W = 1. The superimposed red and blue curves give the average energy eigenvalue at each ∆. These correspond to the eigenvalues of the noise-averaged Hamiltonian.
If we consider the time-evolution of a state under the noisy conditions, we can identify two regimes. One is where the fluctuations are greater than the gap, W ∆. This is the resonant tunnelling regime where the states are strongly mixed by the coupling. Secondly, when W ∆, the coupling is perturbative and induces coherent oscillations between the two eigenstates of σ z . Factoring out a common phase factor, we can write the timeevolved state as
where
/ is the relative phase (i.e. the Rabi frequency) between the basis states.
Taking W ∆, we have an average Rabi frequency of Ω ≈ ∆ + W 2 /2∆. Since the second term in this expansion originates from the noise, we can define a decoherence rate of T
2 /2 ∆ which is essentially the Kubo formula for the dephasing rate [20, 21] . In the resonant tunnelling regime, on the other hand, when the gap is small compared to the fluctuations, both the average Rabi frequency and dephasing time are proportional to the fluctuations, Ω ≈ W + ∆ 2 /2W . Taking ∆ → 0 and averaging over noise gives a decoherence rate T
The role of coherence becomes clear when we consider the population transition rates between states. We can easily write the equations of motion for both the coherences and populations and show that they reduce to that of a damped oscillator with a decay constant given by
As T d → 0, the transition rate vanishes. This is a manifestation of the quantum Zeno effect where rapid quantum measurements on the system collapses any superposition states that form due to the interactions. In the resonant tunnelling regime considered here, where the coupling between states is due to the phonon fluctuations, the fluctuations generate coherences and give rise to damped Rabi oscillations between otherwise uncoupled states.
Such coherences may be exploited in the case where an initial photoexcitation (exciton) is in the resonant tunnelling regime with states that are not photoexcited directly, such as charge-transfer states. Such nonthermalized "hot-exciton" states have been implicated recently as important precursors in the generation of photocurrent in organic photovoltaics since they undergo fission within the first 50 fs following excitation, creating both interfacial charge transfer states (CTSs) and polaron species in low-bandgap polymer system [12, 13] .
HETEROJUCTION LATTICE MODEL
To explore the role of coherence in such systems, we constructed a fully quantum-mechanical/finite temperature model for a polymer heterojunction consisting of three parallel stacked polymers each with 20 sites, with an energy off-set between donor and an acceptor regions of ∆E = 0.5 V. Each site contributes a valance and a conduction band Wannier orbital and the electronic ground state is where each site is doubly occupied. We estimate the interchain hopping term to be an order of magnitude smaller than the intrachain hopping term, t ⊥ ≈ t /10, such that electron or hole motion along the chains is easier than hopping between chains. Single electron/hole excitations from the ground-state are considered within configuration interaction (CI) theory. Each site also contributes two localized phonon modes which modulate the local energy gap at each site. Linear coupling between localized phonons give rise to optical phonon bands that are delocalized over each polymer chain. The electron/phonon couplings were determined by experimental Huang-Rhys factors for poly-pheneylene-vinylene type polymers.
We have used this approach previously to describe the energetics, dynamics, and spectroscopy of polymer-based donor-acceptor systems and diodes [22] [23] [24] . Moreover, the model can provide the necessary input for describing the dynamics of a polymer-based photovoltaic cell [25] [26] [27] . A similar lattice model for a bulk-heterojunction was presented recently by Troisi that includes many of the features of our model, but does not include explicit phonons and electronic transitions are introduced via the semiclassical Marcus theory [28] . Further details and parameters of our model are included as supplementary material. The energetics and time-scales produced by our model are consistent with photon-echo experiments on MeH-PPV systems [29] and with the fully atomistic quantum/classical molecular dynamics simulations on phthalocyanine/fullerene interfaces reported in Ref. [12] . Fig. 2 shows the six lowest energy levels of the 60 2 CI eigenstates produced by our model and a sketch of the relevant states. The full density of states and spectroscopic properties of our model are given in the supplementary material. In Fig. 3 we show the relaxed transition densities in terms of the electron/hole configurations for the six lowest energy states of our model system with an energy off-set of 0.5 eV. The configurations are indexed such that polymer 1 spans sites 1-20, polymer 2 spans sites 21-40, and polymer 3 spans sites 41-60 with the energy off-set between sites 10 and 11, sites 30 and 31, and sites 50 and 51 respectively. States #1-#3 correspond charge-separated states that are pinned to the interface with some degree of delocalisation between the parallel chains. We denote these as |CT n .
State #4 and #5 both are largely excitonic in character and correspond to excitons localized on side of the heterojunction or the other. These we denote as |XT and |XT , respectively. The parent (unrelaxed) state of #5 carries the most oscillator strength to the ground state of the system and we consider it to be our primary exciton. It relaxes and localizes to the "donor" side of the system. The parent state of #4 is also excitonic, but is delocalized over both the donor and acceptor sides with a node at the band-offset. Because of the node, it carries little oscillator strength. However, upon relaxation, it localizes to the "acceptor" side and carries most of the oscillator strength for emission to the groundstate. These segment-localized exciton states are equivalent to the "Localized Exciton Ground States" (LEGS) discussed recently by Barford et al. [30, 31] and are likely responsible for the rapid excitonic transfer along a polymer chain [4] .
Interestingly, state #6 is a charge-transfer state that is delocalized over all three chains. It is also slightly higher in energy than the |XT state. Such states could serve as precursor states for the rapid formation of independent polaron states with the electron and hole localized on different chains and are likely the primary source for photocurrent in bulk heterojunction systems [28, 32] . Above state #6 is largely a continuum of electron/hole eigenstates that carry little or no oscillator strength. We focus our attention on states near the primary exciton states.
Phonon noise
Central to our model is the notion that off-diagonal couplings are due to fluctuations in the phonon degrees of freedom. For this we perform a polaron transform on our model Hamiltonian using the unitary transformation
under which our transformed Hamiltonian can be written in terms of the diagonal elements
where the renormalized electronic energies arẽ
and off-diagonal termŝ
In the transformed picture the electronic transitions from state |n to |m are dressed by the excitations of all the normal phonon modes. Transforming to the interaction representation and performing a trace over the phonons gives the spectral density in terms of the autocorrelation of the electron/phonon coupling operators.
Note that the Golden rule transition rates can be computed by evaluating S nm (ω) at the transition frequency, ω nm = (˜ n −˜ m )/ . The derivation and explicit form for these in terms of the non-adiabatic electron/phonon couplings is quite lengthy and is given in Ref. [25] . Integrating over phonon frequency gives the r.m.s. energy fluctuations and the average coupling strength between each pair of states. Table 1 in the Supplementary material summarizes the energetics, fluctuations, and computed transition rates between various states in our model. The right-most set of energy levels in Fig. 2(a) indicate the mixing between the adiabatic/relaxed electronic states due to the fluctuations in the off-diagonal (i.e. nonadiabatic) coupling. At 10 K, the fluctuations are entirely due to zero-point motion in the phonon degrees of freedom. It is also important to point out that these phononmixed states are not stationary eigenstates of the system. That distinction belongs to the left-most and middle set of states which are stationary eigenstates of the electronic Hamiltonian and correspond to the spectroscopic observables. The phonon-mixed states on the right are superpositions of the adiabatic states and the coherence brought about by the mixing also decays rapidly giving rise to the homogeneous line-broadening in the spectroscopic transitions.
Noise-averaged Dynamics
In Fig. 4 we consider the population and coherence dynamics for the noise-averaged system. First the Xt → Xt transfer, which corresponds to the transfer of a donor-side exciton to a self-trapped exciton on the acceptor side, occurs very rapidly forming a superposition within the first 5-10 fs. The golden-rule rate for this steps gives a time-scale of 17 fs with a 2.5-fs coherence time. The rapid loss of coherence can be understood from the fact that energy difference between Xt and Xt is largely due to the reorganization of the phonon lattice about Xt and hence strong electron/phonon coupling leads to both rapid decoherence and mixing between these two states. This transition appears to be the gateway for subsequent relaxation into the lower lying charge-transfer states. Interestingly, in spite of the short coherence time between the Xt and Xt states, coherences persist for over 100 fs. This long-lived coherence is due to the indirect coupling of the secondary Xt state to the delocalized CT 6 state.
The second process that stands out is the upward transition from the primary exciton to the delocalized CT 6 state. This state is only 16 meV in energy above the primary exciton. Since W/|∆| ≈ 2, the fluctuations are larger than the gap itself, and these states are within the resonant tunnelling regime; however, with coherence time of 24 fs. Moreover, the noise-induced splitting between the two excitonic states places the delocalized CT 6 state within the homogeneous line shape of the primary exciton thereby promoting rapid dissociation of the primary exciton into these weakly-bound charge-separated states. Our golden-rule estimate for the Xt to delocalized CT transition time is 271 fs with a coherence timescale of 24 fs. This strongly suggests that the initial decay of an exciton to form separated polaron pairs may occur via resonant tunnelling processes and that this is the initial step in the formation of charge carriers in a bulkheterojunction system.
Recent ultrafast measurement of charge-transferexciton population dynamics suggest that current producing states are generated on the ≈ 100 fs timescales in systems as diverse as model heterojunctions between Cupthalocyanine donors and C 60 [12] , and bulk heterojunction blends of push-pull conjugated polymers [13] and molecules [14] with fullerene derivatives, and that excitation with excess energy above the optical gap enhances the yield of photocarriers. We propose that the coherence dynamics drive this process as described in this communication. Direct probes of these dynamics are accessible by contemporary ultrafast coherent spectroscopies involving phase-locked femtosecond pulse sequences, thus the proposed role of quantum coherence can be tested in state-ofthe-art heterostructures implemented in polymer-based photovoltaic diodes.
SUMMARY
In summary, we have examined the role of quantum coherence in charge separation at a polymer type-II heterojunction by implementing a model that takes into account two-dimensional electronic dispersion in polymer stacks and phonons. Our lattice model is generic and as such the physics and dynamics produced by the model should be ubiquitous over a wide range of organic bulkheterojunction systems. We conclude that resonant tun-nelling between excitons to delocalized interchain chargetransfer states during the course of decoherence may be the initial step in the formation of photocarriers. Noise-averaged population and coherence (inset) dynamics for the model heterojunction system. Both the real and imaginary components of the coherences are shown. The population curves in (a) correspond to the primary exciton Xt (blue), the secondary exciton Xt (red), delocalized CT state (gold), and localized or interface-pinned CT states (green).
